suggesting an antioxidant/oxidant imbalance in the VH with DIO. In addition, decreased mRNA levels for TRAIL, FAS-L and TGF-β, molecules associated with immune privilege, were also significantly depressed. Conclusions DIO-related metabolic disturbances disrupt VH homeostasis in a manner that reflects development of a pro-inflammatory environment. Prolonged exposure to such an environment may lead to overt pathologies with compromised eye function.
. Such obesity is often accompanied by a metabolic syndrome which can contribute to the development of numerous diseases including diabetes, cardiovascular disease, musculoskeletal system diseases, and neurodegenerative conditions [2] . Metabolic syndrome is a cluster of conditions such as high blood pressure, visceral adiposity, high cholesterol, hyperglycemia [3] . Furthermore, obesity is linked to metabolic syndrome through low-level systemic inflammation [4] . Recent studies in a rat model have shown that diet-induced obesity leads to rapid [5] , and extensive inflammatory alterations to muscles, joints and systemically in the blood [6] [7] [8] [9] .
There is also evidence for associations between metabolic syndrome and eye diseases [10] , possibly via the low level systemic inflammation noted, or through changes in vascularity, development of advanced glycation end products, and subsequently a disrupted local inflammatory environments [11] . Specifically, metabolic syndrome is associated with the presence of diabetic neuropathy, cataracts, macular degeneration, glaucoma, dry eye disease and retinal microvascular changes [10, 11] . The eye is also an immune privileged site, meaning that local immune responses are tightly regulated to preserve vision, and to protect the eye from inflammatory insults [12] [13] [14] [15] . Within the eye, the vitreous humour (VH) provides nutrition, facilitates the maintenance of key biochemical processes, and when dysregulated, likely has a key role in eye pathology [16] .
The rat model of high-fat/high-sucrose (HFS) dietinduced obesity recapitulates many of the features of metabolic syndrome, and offers an opportunity to study the effect of an obesity inducing diet on an outbred strain of rodents to understand potential relationships between the onset of metabolic disturbance and alterations to the inflammatory environment in the eye, and subsequent risk for development of ocular pathology.
Alterations in both systemic (serum) and local tissue inflammatory environments (i.e., gut microbiota, adipose tissue, muscle, synovial fluid in the joint) are reported with HFS diet-induced obesity [5, 8, 9] . Evaluating the local inflammatory changes in the vitreous humour poses the unique opportunity to study the pervasiveness of inflammatory disturbances with a HFS diet, while providing potential mechanistic insight into the relationship between HFS diet and pro-inflammatory alterations in the eye. Therefore, the purpose of this study was to investigate whether HFS DIO would result in local disruption of VH homeostasis by elaboration of pro-inflammatory mediators in the VH of rats compared to chow control-fed animals.
Materials and methods
To study these relations, 16 male Sprague-Dawley rats aged 10-12 weeks were allocated to either the diet-induced obesity group (DIO, 40% fat, 45% sucrose, custom Diet #102412, Dyets, Inc n = 9) or a standard chow controldiet (chow, 12% fat 0% sucrose, Lab Diet 5001, n = 7) for 12-weeks of feeding. Animals were individually housed on a 12/h dark/light cycle. All experiments were approved by the University of Calgary Life and Environmental Sciences Animal Care Committee. Animals were euthanized by barbiturate overdose (Euthanyl ® , MTC Animal Health Inc., Cambridge, Ontario, Canada). Immediately after sacrifice, body composition was measured using dual-energy X-ray absorptiometry and calculated by software for small animal analysis (Hologic QDR 4500; Hologic, Bedford, MA, USA).
To understand the systemic inflammatory environment, fasted blood samples were collected immediately post-kill by cardiac puncture. Serum was stored at − 80 °C until analysis. Vitreous humour was collected from both eyes shortly after kill using a 3 cc syringe. Samples were centrifuged at 12,000 rpm for 10 min, and the vitreous humour fluid and cell pellet were separated. TriZol (1 mL) was added to the cell pellet, and both the lysed cell pellet and fluid were then stored at − 80 °C until analysis. Twenty-seven serum and vitreous humour cytokines, adipokines and growth factors were quantified using a Samples of frozen lysed vitreous humour cells were processed using the Tri-Spin Method to isolate RNA [17] . Immune privilege (FAS-ligand induces apoptosis of T cells, TRAIL/TNFSF-10 [TNF related apoptosis-inducing ligand, inhibits t-cell proliferation], TGF-β, inhibits NK cell activity), oxidative stress (iNOS), oxidative stress sequestering (SOD2), pro-inflammatory (IL-1β, COX-2, MCP-1, TNF-α, IL-6, leptin) and growth factor (TGF-β, IGF-1) mRNA levels were evaluated using qPCR as described previously with an iCycler (BioRad Laboratories Inc, ON) and rat-specific primers [18] . Rat-specific primers for FAS-L (forward: GAA CTG GCA GAA CTC CGT GA, reverse: TGT GCT GGG GTT GGC TAT TT) and TRAIL (forward: TCT AGG TCG AAG GCA TCC CA, reverse: ATC TGC CCT GAG GTT TCT GC) were used. Other primer sequences can be found elsewhere [5, 6, 19] . All assessments were performed in duplicate under optimal conditions that conformed to qPCR criteria as described previously [17] . All values were normalized to 18s values as a validated housekeeping gene.
Statistical analysis
Levene's test for equality of variance was conducted on all outcomes. If positive, or in the case of ordinal Modified Mankin Scores, non-parametric Kruskal-Wallis tests were used to determine differences by diet. If equal variances were calculated, one-way ANOVAs were performed to assess differences between the groups. Where significant changes were observed in VH or serum, ratios were calculated between the protein levels in the two fluids. Pearson or Spearman relationships were calculated between VH protein concentration and body fat percentage. All statistical tests were conducted in IBM SPSS Statistics 20 (α = 0.05).
Results
HFS-fed DIO animals had significantly more body mass (DIO: 802 ± 30 g, chow: 650 ± 24 g, p = 0.002) and body fat compared to chow-fed control animals (DIO: 39 ± 1.2%, chow: 21 ± 2%, p = 0.001). Concordantly, DIO animals demonstrated an increase in serum pro-inflammatory mediators (leptin, MCP-1, IL-1β, IL-18, TNF-α) compared to chowfed control animals ( Fig. 1) . Of interest, IL-10, traditionally considered to be anti-inflammatory [20] , was also significantly increased in DIO animals compared to chow. Many other pro-inflammatory mediators also demonstrated nonsignificant trends toward an increase in concentration in the DIO animals compared to chow-fed controls (IL-18, TNF-α, fractalkine, MIP-1a, p < 0.10).
Several significant diet-dependent alterations were also identified from the protein array analysis of vitreous humour fluid. Five mediators assessed in the VH fluid were significantly increased in DIO animals compared to control animals: IL-1β, IL-6, IL-13, IL-17 and IL-18 (Table 1) . Of interest, these five mediators also exhibited significant positive relationships with body fat percentage across all animals. VH leptin and IL-10 levels demonstrated a trend, positive and negative, respectively, toward a significant relationship with body fat percentage (p < 0.10). The ratio of serum levels to vitreous humor levels of IL-1β and IL-10 were significantly increased in DIO animals compared to chow control-fed animals ( Table 2) . Furthermore, the ratio of serum IL-6 levels to corresponding vitreous humour RT-qPCR analysis also revealed surprising changes in VH cell mRNA levels for several of the genes evaluated. Levels of mRNA for iNOS were significantly upregulated in DIO animals compared to chow-fed controls (Fig. 2) . In concert, SOD2 mRNA levels were significantly depressed in DIO animals compared to chow-fed controls. mRNA levels for leptin were significantly upregulated in VH cells, but this was balanced by a significant upregulation of adiponectin in DIO animals compared to chow. None of the mRNA levels for other pro-inflammatory mediators or growth factors were significantly upregulated in the VH cells. However, of note, mRNA levels for TRAIL, FAS-ligand, and TGF-β, molecules associated with immune privilege [18] , were significantly depressed by the HFS diet (Fig. 3) . As the total RNA isolated from VH cells from the obese and chow diet animals was not significantly different (data not shown), and total RNA correlates with DNA content [21] , the differences in mRNA levels were likely not related to increased cell numbers in the VH with onset of obesity.
Discussion
These data support the conclusion that the metabolic disturbances resulting from 12-weeks of HFS DIO is sufficient to disrupt the local inflammatory environment both in VH cells (as evidenced by mRNA expression patterns) and using direct measurements of protein in VH fluid. These changes mirror previously observed changes in the VH of animal models of ocular pathologies, as well as samples from those with human diseases [10] . As the present VH changes are associated with diet-induced metabolic disturbance, they provide a potential mechanistic link between high-fat/highsucrose diet-induced obesity and potential vulnerability to eye pathology in rats.
Several important supporting insights were gained from the present studies. First, serum protein inflammatory profiles were not surrogates for the inflammatory profile of the VH, either as measured in VH fluid or mRNA levels for molecules expressed by VH cells. This may be expected, as the serum values likely represent contributions from many tissues impacted by the diet-induced obesity including muscles [5] , liver [22] , and the adipose tissue itself [23] , while the levels of such mediators in the VH likely reflect the local environment plus aspects of the systemic alterations. Therefore, we conclude that the local inflammatory environment within the eye has a unique profile, potentially related to a state of compromised immune privilege. Second, the VH cells from DIO animals demonstrate compromised expression of molecules related to immune privilege (e.g., FAS-L, TRAIL, and TGF-β) when evaluated indirectly using qPCR, further suggesting that the eye environment impacted by obesity may exhibit a decreased ability to modulate and protect the intraocular environment. These markers of ocular immune privilege suggest increased T cell apoptosis, increased inhibition of T cell differentiation, decreased inhibition of natural killer (NK cells), and decreased generation of t-regs [18] , supporting the notion that immune compromise is occurring with DIO across a variety of pathways. Concordantly, compromised immune privilege has been observed in humans with obesity previously [24] , but to our knowledge, this is one of the first reports of potential compromise of ocular immune privilege by diet.
Inflammatory dysregulation and immune privilege
Proteins in the VH can be locally secreted, transported and filtered by blood vessels, or diffuse from surrounding tissues [25] . VH is derived locally from cells in and around the VH and is also partially plasma-derived, and it is possible that systemic levels of these inflammatory mediators in serum/ plasma may be contributing to, or driving changes in the VH fluid. Although the serum inflammatory profiles of DIO animals did not directly mirror VH cell mRNA levels or VH protein levels, there were many similarities across these tissues with DIO. Interestingly, some similarities between the serum protein levels for leptin with mRNA levels for leptin in VH cells, and between serum and VH IL-1β and IL-18 were detected. The associations between several VH protein levels and body fat percent further substantiate the potential role of low-level systemic inflammation on the development of a local pro-inflammatory environment in the eye.
Specifically, the ratios of serum protein levels to VH protein levels revealed significantly increased ratios for IL-1β and IL-10, indicating a larger increase in serum mediators relative to VH levels in DIO compared to chow. These relations suggest IL-1β and IL-10 could exert influence on the VH inflammation-related environment and contribute to DIO ocular immune compromise. Moreover, a significant decrease in the ratio for the serum to VH ratio for IL-6 in DIO animals compared to chow, coupled with an increase in VH IL-6 in DIO compared to chow, may suggest either a downstream or local source of IL-6 within the eye with DIO. These speculations remain to be directly tested, but these relations indicate candidate pathways of interest for future studies of DIO-induced compromise of ocular immune privilege.
While it is widely accepted that IL-1β and IL-6 play a pro-inflammatory role in the context of obesity and insulin resistance across many tissues [26, 27] , the potential role of increases in IL-10 in the present studies is less clear. Generally speaking, IL-10 is considered to be anti-inflammatory and facilitate improved insulin sensitivity in obesity [28] . There are studies in humans that demonstrate increased serum IL-10 with obesity [29] [30] [31] , and also studies that suggest that inducing and maintaining a high level of IL-10 can inhibit diet-induced metabolic dysregulation [32] . It has also been shown that IL-10 becomes hypo-responsive in the presence of elevated glucose, resulting in reduced regulatory effectiveness and compromised anti-inflammatory action, which can paradoxically translate an increase in anti-inflammatory IL-10 into increases in low-level systemic inflammation [33] . However, it is difficult for us to determine whether the increases in IL-10 levels detected here are compensatory and beneficial, in an attempt to restore the balance between pro-and anti-inflammatory mediators; whether IL-10 is further contributing to an imbalanced inflammatory environment; or what IL-10 concentration is sufficient to induce positive or negative changes. Longitudinal time-course data will be required to inform these potential relations.
Inflammatory implications for ocular pathology
Diabetic retinopathy is one of the most prevalent ocular complications with metabolic disturbance, and the most common cause of blindness in people under 75 years of age [34] . IL-1β has been shown to have a key role in retinal capillary cell apoptosis through NFκB [35] , which may be triggered by hyperglycemia in diabetic rats [36] . In addition to NFκB, increased levels of IL-1β and IL-18 in VH, as measured in the present study, may also indicate involvement of the NLRP3 inflammasome, a pathway which has been implicated in the onset and pathogenesis of diabetic neuropathy [37] , and is thought to be among the first initiators of obesity-induced inflammation and insulin resistance [38] . The presence of increased protein levels for these proinflammatory mediators in the VH fluid of DIO animals, despite similarities in mRNA levels for IL-1β and many other pro-inflammatory mediators, suggests that these animals may be at risk for retinal damage.
Patients with diabetic retinopathy also demonstrate increased levels of IL-1β, IL-6, IL-17, and Th2 derived mediators, such as IL-4 in their vitreous fluid [39] . Although IL-4 was not increased here, this may be related in part to the increase in Th2 derived IL-13 in the VH of these animals. As superoxide formation links hyperglycemia with several diabetic complications [40] , oxidative stress may also be associated with diabetic neuropathy [41] . Here, mRNA levels for iNOS were significantly increased in VH cells of DIO animals compared to chow, coupled with significantly depressed mRNA levels for superoxide dismutase 2 (SOD2), which is involved in the sequestration of oxidative stress, findings which suggest an imbalance between antioxidant defense and oxidative stress. Such imbalances in reactive oxygen species are thought to contribute to local inflammation, autophagy, and pathological angiogenesis in diabetic retinopathy and macular degeneration [16] . Moreover, SOD2 is thought to serve a protective role in preventing hyperglycemic neuron injury in diabetic neuropathy, so decreased levels of SOD2 with DIO may also contribute to nerve degeneration in this context [42] . Future work will be required to clarify the relationship between these markers and histological assessments of diabetic neuropathy.
Autoimmune uveitis, a major cause of blindness, is an intraocular disease that is believed to be mediated through IL-17, a mediator produced by Th17 cells, and Th1 cells [43] . When this disease is modeled experimentally in animals, neutralizing IL-17 ameliorates experimental autoimmune uveitis [44] . Moreover, T cell activation in the retina by the autoreactive T-cell receptor in the gut, activated by dysbiotic microbiota, is reported to be associated with spontaneous uveitis [45] . As obesity-inducing diets can result in microbial dysbiosis [5] , this offers a potential link between HFS feeding and increased IL-17 in the VH of animals evaluated here. Furthermore, spontaneously diabetic rats also demonstrate histopathological uveitis and pro-inflammatory mediators in the eye, supporting a link to metabolic disturbance [46] . The protein array data from this study link previous histological indications of uveitis with low-level systemic inflammation. Increased IL-1β, IL-6, and IL-17 levels have also been identified in VH from patients with ocular endophthalmitis, an acute sight-threatening condition that diabetic patients are predisposed to with intraocular intervention [47] . This predisposition is thought to be associated with the impaired healing responses in diabetic patients.
Future studies will evaluate whether the DIO-altered VH environment primes the eye for uveitis susceptibility or related conditions. Although the present study contributes novel insight into the relations between diet and VH changes, there are limitations to this study. First, the crosssectional nature of the present study has limited the ability to understand time-course relations between the analytes assessed here systemically and locally. Future work will profile time-course changes in VH with DIO exposure. Second, alterations in VH cell mRNA levels were not confirmed at the protein level in cells due to the volume of VH available and cell numbers. Third, based on the current findings, we cannot state that any VH cell-associated increases in mRNA levels for specific mediators are coming from all of the VH cells, or only a select subset. Finally, eye histology was not directly assessed to confirm the presence or absence of eye pathology. In spite of these limitations, the present results obtained in a fairly well-characterized preclinical model give rise to the opportunity to assess whether these alterations in the ocular environment predispose to development of diseases of the eye under controlled conditions. Future work will assess structural changes in the eye due to the altered VH environment with DIO.
Conclusion
High-fat/high-sucrose diet-induced obesity can result in alterations in the local inflammatory profile of vitreous humour fluid and cells, as well as a potential compromise in immune privilege. These data generate interesting questions regarding the link between dietary changes, systemic inflammation, intraocular inflammation, and eye pathology. Future studies should evaluate serial time-course measurements of the VH, in conjunction with histological assessments of the eyes, to better define the relationship between HFS DIO, metabolic disturbance, altered inflammatory profiles, and ocular pathology.
